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2 Summary

23 e Resistant cultivars are of value for protecting crops from disease,
2 but can be rapidly overcome by pathogens. Several strategies have
25 been proposed to delay pathogen adaptation (evolutionary control),
2 while maintaining effective protection (epidemiological control). Re-
27 sistance genes can be i) combined in the same cultivar (pyramiding),
2 i1) deployed in different cultivars sown in the same field (mixtures) or
2 in different fields (mosaics), or i) alternated over time (rotations).
30 The outcomes of these strategies have been investigated principally
31 in pathogens displaying pure clonal reproduction, but sexual repro-
2 duction may promote the emergence of superpathogens adapted to
33 all the resistance genes deployed.

3 e We improved the spatially explicit stochastic model landsep: to in-
35 clude pathogen sexual reproduction, and then investigate the effect
36 of sexual reproduction on evolutionary and epidemiological outcomes
37 across deployment strategies for two major resistance genes.

38 e Sexual reproduction only favours the establishment of a superpathogen
39 when single mutant pathogens are present together at a sufficiently
0 high frequency, as in mosaic and mixture strategies.

a1 o We concluded that, although sexual reproduction may promote the
2 establishment of a superpathogen, it did not affect the optimal strat-
43 egy recommendations for a wide range of mutation probabilities,
m associated fitness costs, and landscape organisations (notably the
45 cropping ratio of resistant fields).

s Keywords deployment strategy, disease control, durable resistance, downy
«  mildew, evolutionary epidemiology, major gene resistance, sexual reproduction,

4 simulation modelling.

» 1 Introduction

so The deployment of resistant cultivars in agricultural landscapes is a relatively
51 low-input and cost-effective way to protect crops from plant pathogens. How-
s2  ever, resistant cultivars have often been rapidly overcome by pathogens, espe-
53 clally when a single resistant cultivar is widely cultivated over a large geographic
s« area (McDonald and Linde, |2002; [Parlevliet], 2002} |Garcia-Arenal and McDon-
s jald, [2003). Ultimately, this may result in recurrent cycles of resistance deploy-

ss ment followed by rapid pathogen adaptation, often described as boom-and-bust
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5o cycles (McDonald and Linde) [2002)). Several strategies have been proposed

ss  to promote a more durable management of resistant cultivars. These strate-

s gles involve increasing cultivated host genetic diversity (McDonald, 2010} [2014}

o0 |Zhan et all [2015)) with the aim of confronting pathogens with eco-evolutionary

s challenges to prevent or delay their adaptation to plant resistance (evolutionary
2 control), while maintaining effective disease protection (epidemiological control).
s Plant breeders can stack resistance sources in the same cultivar by pyramiding
s« (McDonald and Lindel 2002} |[Fuchs| [2017)), or farmers can alternate resistances
e over time by rotating cultivars in the same field . Host genetic
e diversity can also be introduced spatially. Resistant cultivars can be combined
& within the same field in cultivar mixtures (Wolfe, 1985} Mundt| [2002) or culti-
s vated in different fields in landscape mosaics (Burdon et al., [2014; [Zhan et al.|

o 2015).

70 Given the multitude of deployment options, it is not straightforward to com-

7 pare deployment strategies for identification of the optimal deployment strategy
7 in a given epidemiological context. In addition, evolutionary and epidemiological
7z control may not necessarily be correlated: any strategy designed to control the

72 emergence of resistance-adapted pathogens in agro-ecosystems may potentially

s come into conflict with epidemiological control (Burdon et al. 2014; [Papaix|
% et al, 2018; Rimbaud et al., 2018a). Finally, particularly for airborne plant

77 pathogens, which often disperse over large distances, deployment strategies are

7 more likely to be effective if implemented across landscapes at large spatial
. scales, rendering experimental testing logistically demanding (but see
o et al||2000; Zhu et al.|[2000; |Djian-Caporalino et al.|2014; Koller et al.|[2018).

&1 Many mathematical models have been developed to overcome these difficulties,

&2 to facilitate assessments of the variation of evolutionary and epidemiological out-
& comes across different resistance deployment strategies (reviewed by
8 . These models have been used to unravel the effects of resistance
s deployment strategies on pathogen epidemiology and evolution, and to compare

s these strategies in a given epidemiological context.

&7 Most of the models reviewed by Rimbaud et al| (2021) include only selec-

s tion and/or mutation as evolutionary forces. This approach is suitable for the
s simulation of pathogens with purely clonal reproduction systems. Under the
o hypothesis of a purely clonal reproduction system, new pathogen variants are
o already present (possibly at low frequency) at the beginning of the simulated pe-
e riod, are introduced through migration, or are generated by mutation. However,

o3 some pathogens are not purely clonal and their life cycles include at least one
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o sexual event per cropping season (mixed reproduction system), with some even
s reproducing exclusively by sexual means (purely sexual reproduction system).
o Of the 43 plant pathogens analysed by McDonald and Linde| (2002), only 17 have

o7 exclusively clonal reproduction, the other 26 pathogens presenting at least one

e sexual reproduction event during their life cycle. The genetic recombination oc-
o curring during sexual reproduction can efficiently create gene combinations that
w0 would be accessible only through sequential mutation events in a purely clonal
1w reproduction system. Several authors have argued that pathogens with mixed

102 reproduction system have the highest potential for evolving and breaking down

s the resistances deployed in agriculture (McDonald and Linde, 2002} |Stam and|

s McDonald, 2018). Genetic recombination first creates many new variants of the
s pathogen (Tibayrenc and Ayalal 2002, [Halkett et al.l[2005). The populations of
ws the fittest variants then expand rapidly through clonal reproduction, potentially

w7 breaking down the resistance, (i.e. increasing the frequency of pathogen strains
s adapted to the resistance genes present). Genetic recombination can, there-

w0 fore, have a major impact on the evolutionary and epidemiological outcomes

uo  of resistance deployment strategies (Arenas et al |2018; |Stam and McDonald,

m [2018). It has been shown that even low rates of recombination in pests and

2 pathogens have profound implications for policies concerning drug and pesti-

us  cide resistance (Halkett et all |2005). Similarly, by mixing the genotypes of

ms  parental individuals, recombination can favour the emergence of the generalist

us  superpathogens able to overcome pyramided cultivars (McDonald and Linde]

us 2002 [Uecker}, 2017). However, the ability of recombination to favour the emer-

ur  gence of superpathogens also depends on subtle interactions between mutation

us and recombination rates on the one hand, and pathogen population size on

us  the other (Althaus and Bonhoeffer} [2005). Indeed, recombination can generate

120 variants accumulating infectivities, but it can also break down such such genetic
11 combinations (Hadany and Beker) 2003).

122 Despite the potentially major impact of the pathogen reproduction system

123 on the epidemiological and evolutionary control provided by resistance deploy-
124 ment strategies, this impact has been little studied and is poorly understood.
s Genetic recombination is considered in only three (Sapoukhina et al., 2009;
s 20125 |Crété et al.l|2020) of the 69 models reviewed by Rimbaud et al.|(2021)) and
17 in a recent study by [Saubin et al.| (2021)). These studies considered pathogens

s with mixed reproduction systems, but they did not compare purely clonal re-
129 production with mixed reproduction systems, all other things being equal. It is,

10 therefore, difficult to assess the impact of reproduction system on the epidemi-
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1 ological and evolutionary control provided by resistance deployment strategies
12 from the data currently available. In addition, these works focused on just one
133 Oor two resistance deployment strategies, preventing a global assessment of all
134 possible spatiotemporal deployment options. They highlighted the role of the
135 fitness cost of resistance in superpathogen persistence (Xu, 2012)), and in the ef-
3 ficacy of rotation (Crété et al [2020) and mixture (Xu, 2012; |Sapoukhina et al.|
w 2009)) strategies. In addition, Saubin et al.| (2021)) assessed the impact of ploidy
s on resistance durability, revealing that resistance durability was greater, but
139 more variable, for diploid pathogens.

140 Here, we investigated the effect of pathogen sexual reproduction on the evolu-
w1 tionary and epidemiological control achieved with four main categories of deploy-
w2 ment strategies (rotation, pyramiding, mixture and mosaic). We adapted the
s landsepi model (Rimbaud et al.[2018b)), which simulates the spread of epidemics
us across an agricultural landscape and the evolution of a pathogen in response to
us  the deployment of host resistance, to include pathogen sexual reproduction. We
us then used this model to compare the resistance deployment strategies consid-
w7 ered for situations in which two major resistance genes conferring immunity
us are deployed. The new model is flexible enough to vary resistance deployment
uo strategy and pathogen life cycle, making it possible to compare pathogens with
o different reproduction systems (purely clonal vs. mixed). We parameterised the
151 model to simulate grapevine downy mildew, which is caused by the oomycete
12 Plasmopara viticola. However, our general conclusions are likely to have broader

153 implications to other pathosystems.

= 2 Description

s 2.1 Model overview

155 The model used in this study is an adapted version of that presented by Rimbaud
57 |et al.[(2018b]), which simulates the clonal reproduction, spread and evolution of a
158 pathogen in an agricultural landscape over multiple cropping seasons. Here, we
10 introduce between-season sexual reproduction to address the issue of pathogens
10 with mixed reproduction systems. Multiple clonal reproduction events occur
e during the life cycle of these pathogens, with a final sexual reproduction event
12 at the end of the host cropping season. We split the modelled cropping season
63 into two different time periods: ) within the cropping season, when multi-

6« ple clonal reproduction events take place, and 4) the period between cropping
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165 seasons, when a single sexual reproduction event may take place. Below, we
16 describe only the major changes between cropping seasons, the modifications
17 within cropping seasons being only minor. The entire model is described in
s Supporting Information note S1, and the code is available from the R package
6o landsepi (v1.2.4, Rimbaud et al.|[2022]).

w 2.2 Landscape and resistance deployment strategies

1 We considered agricultural landscapes randomly generated with a T-tessellation
w2 algorithm (Papaix et al) 2014) in which four cultivars were randomly allo-
s cated to fields: a susceptible cultivar (SC) initially infected with a pathogen not
s adapted to any resistance, two resistant cultivars, each carrying a single resis-
s tance gene (RC; and RCs), and one resistant cultivar carrying both resistance
s genes (RCia2). We first allocated a proportion 1 — ¢; of fields to receive SC, the
w remaining ¢ candidate fields then being allocated a cultivar according to one

s of the following strategies:

179 1. Mosaics: RC; and RCsy are cultivated in the equal proportions of the
180 candidate fields (2 = 0.5);

181 2. Mixture: both RC; and RC; are cultivated in all the candidate fields, in
182 equal proportions within each field (o2 = 0.5);

183 3. Rotations: RC; and RCs are cultivated alternately in candidate fields for

184 a fixed number of cropping seasons (three-year rotation).
185 4. Pyramiding: RCi5 is cultivated in all candidate fields.

186 A cultivar carrying a major resistance gene is assumed to be immune to
w7 disease (i.e. pathogen infection rate is equal to 0), unless the pathogen has
18 acquired the corresponding infectivity gene, according to the so-called “gene-for-
o gene” hypothesis (Leonard, [1977;|Thompson and Burdon, 1992)). A non-adapted
wo  pathogen (denoted “WT” here for “wild type”) can acquire infectivity gene
w g € {1,2} through a single mutation, with a probability 7,4, or, alternatively,
12 through sexual reproduction with another individual pathogen carrying such an
w3 infectivity gene. Infectivity genes confer an ability to break down the associated
14 major gene resistance on the pathogen. The evolution of infectivity may be
s penalised by a fitness cost (f;) on susceptible hosts (Brown), 2015} [Laine and
ws |Barres, |2013} [Thrall and Burdon, [2003). This fitness cost is represented in the
17 model as a lower infection rate for mutant pathogens on hosts not carrying the
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108 corresponding resistance gene. Here, a pathogen genotype is represented by
199 a set of binary variables indicating whether it carries infectivity genes able to
200 overcome cultivar resistance genes. There are four possible pathogen genotypes:
20 wild-type, unable to break down the resistance conferred by any resistance gene
200 (“00”), single mutant “SM;” (or “SMsy”), able to break down to the first (or
203 second) resistance gene (“10” and “01”, respectively), and superpathogen “SP”,
20 able to break down both resistance genes (“11”). The relative infection rates of

2s  these pathogens on the different cultivars are summarised in Table

Table 1: Plant-pathogen interaction matrix.

Host genotype v
sC RC; RC> RCi,
WT 1 0 0 0
SM 1-0 L0 0
Pathogen genotypes p SM; 1—9; 0 1 0
SP_| (1-0)(1-65) 16, 1-6, 1

The matrix gives the coefficient by which the infection rate is multiplied. The
value of this coefficient reflects the relative infection rates for the wild-type (WT)
and adapted (single mutants SM; and SMa, and SP) pathogen genotypes on the
susceptible (SC) and resistant cultivars carrying a single major resistance gene
(cultivar RC1 and cultivar RC»), or their combination (RCi2). 61 and 62 are the
fitness costs of adaptation with respect to the major resistance genes considered.

x» 2.3 Demogenetic dynamics within the cropping season

27 The demogenetic dynamics of the host-pathogen interaction within the crop-
28 ping season are based on a compartmental model with a discrete time step,
20 schematically reported in Fig.[1l Below, Hiv ¢, Li v pt; Liv,pts Riv,pt, and Pip ¢
20 denote the numbers of healthy, latent, infectious and removed individuals, and
au - of pathogen propagules, respectively, in the field ¢ = 1,...,J, for cultivar v = 1,...,
a2V, pathogen genotype p = 1,...,P at time step t=1,...,TxY (Y is the number
a3 of cropping seasons and T the number of time steps per season). Note that, in
21 this model, an “individual” is defined as a given amount of plant tissue, and is
x5 referred to as a “host” hereafter for the sake of simplicity. At the beginning of
216 the cropping season, healthy hosts are contaminated with the primary inoculum

a7 generated at the end of the previous cropping season.
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Figure 1: Model overview. Within-cropping season dynamics: healthy hosts
can be contaminated by pathogen propagules (produced both at the end of
the previous cropping season and within the current cropping season) and may
become infected. Following a latent period, infectious hosts start producing
propagules through clonal reproduction. These propagules may mutate and
disperse across the landscape. At the end of the infectious period, infected
hosts become epidemiologically inactive. Qualitative resistance prevents the
infection of contaminated hosts, i.e. their transition to the latently infected
state. Green boxes indicate healthy hosts contributing to host growth, as op-
posed to diseased plants (i.e. symptomatic, red boxes) or plants with latent
infections (dark blue box). Between-cropping season dynamics: at the end of
each cropping season, pathogens experience a bottleneck during the off-season
period, and propagules are then produced (by clonal or sexual reproduction).
Clonal propagules may mutate, whereas genetic recombination may occur dur-
ing sexual reproduction. Propagules produced between host cropping seasons
are gradually released during the following host cropping season. The parame-
ters associated with epidemiological processes are indicated in grey and detailed
in Table 2. The distributions used to simulate stochasticity in model transitions
are indicated in red; B: binomial, I': gamma, P: Poisson, M: multinomial, U:
uniform, Bern: Bernoulli. Host logistic growth is deterministic. The entire
model is described in Supporting Information note S1.
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2 2.4 Demogenetic dynamics between cropping seasons

29 The demogenetic dynamics of the host-pathogen interaction between cropping
220 seasons is presented schematically in Fig. [Il At the end of the cropping season,
21 the crop is harvested and the leaves of the host plants fall to the ground, impos-
2 ing a potential bottleneck on the pathogen population before the start of the
23 next cropping season. The remaining hosts produce clonal or sexual propagules.
24 Clonal propagules can mutate in the same way as they do during the cropping
2s  season. The production of propagules through sexual reproduction and the pos-
26 sibility of genetic recombination are detailed in the section|2.4.1l The propagules
27 produced during the period between cropping seasons, whether clonal or sexual,
2s are uniformly released throughout the following cropping season, constituting

29 the primary inoculum.

20 2.4.1 Pathogen sexual reproduction

an  In field 4, the pool of infectious hosts associated with the same cultivar v
22 undergoes sexual reproduction. Two parental infectious hosts, infected with
213 pathogens Pary and Pars, respectively, are randomly sampled without replace-
2 ment from the pool of infectious hosts. The ¢ = {Pary; Pars} pair produces
25 PJ¢¢ propagules, drawn from a Poisson distribution in which the expectation
236 is the sum of the number r,,,, of propagules produced by each of the parental
23 infectious hosts:

PyF ~ Poisson(2 X Tmaz) (1)

28 The genotype of each propagule is then retrieved from the parental genotypes:
29 the genotype at every locus g is randomly sampled from one of the two parents
20 {Pary; Pary}. For example, assuming that parental infection Par; provides
2 infectivity genes against resistance gene g = 1 (corresponding to genotype “10”)
22 and parental infection Pary provides infectivity genes effective against resistance
23 g = 2 (genotype “017), the resulting propagule genotype may be the same as
2 that of one of the two parents (with probability 0.5), an SP genotype “117
25 (probability 0.25), or a WT genotype “00” (probability 0.25). This process is
us iterated for all the pairs ¢ = 1,..., C of infectious hosts associated with all the

a7 cultivars v = 1,..., V in a given field 4, resulting in a total number of sexual
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propagules:
v C
Pise:r _ Z Z Piim (2)
v=1 c=1
2.5 Propagule dispersal

Clonal and sexual propagules disperse similarly (no dispersal dimorphism) within

the landscape according to a power-law dispersal kernel.

10
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Table 2: Summary of model parameters and numerical simulation plan (factors in bold are varied according to a complete
factorial design).

Notation Parameter Value Source
Simulation Factors

Y Number of cropping seasons 50 years Fixed

T Number of time steps in a cropping season 120 days Fixed

J Number of fields in the landscape [155; 154; 152; 153; 156] Varied

\% Number of host cultivars [2,3°] Fixed
Initial conditions and seasonality (same value for all cultivars)

Cc? Plantation host density of cultivar v (in pure crops) 1m? Fixed
cyrer Maximal host density of cultivar v (in pure crops) 20 m? Fixed

8y Host growth rate of cultivar v 0.1 day™ 1]

P Initial probability of infection of susceptible hosts 5.10% Fixed

A Off-season survival probability of pathogen spores 10 Fixed
Pathogen aggressiveness components

Emag Maximal expected infection rate 0.9 spore [2,3]

Tin Minimal expected latent period duration 7 days See note S2
Tvar Variance of the latent period duration 8 days See note S2
Trax Maximal expected infectious period duration 14 days See note S2
Toar Variance of infectious period duration 22 days See note S2
Tmaz Maximal expected propagule production rate 2 spores.day ™ See note S2
Sexual reproduction

R Pathogen reproduction system [purely clonal,mixed] Varied
Dinh Probability of a sexual propagule inheriting the genotype at locus g from 0.5 Fixed

parent Pari genotype
Pathogen dispersal

"8sUd0I| [eUONBUIBIU| 0'F DN-AG-DDe Japun a|ge|reAe
apeuw sl | ‘Aunadiad ui yuudaid ayy Aejdsip 01 asuadl| e AIxHoIq pajuelhb sey oym ‘1spunyoyine ayi si (mainal 19ad Aq paijiniad Jou sem Yyaiym)
Juudaud siys 1oy Japjoy ybuAdod 8yl "£Z0z ‘€ Arenigad palsod UoISIaA SIYl 196/925'20°20°€202/TOTT 0T/Bio 10p//:sdny :1op juudaid Aixyoiq

g(*) Dispersal kernel Power-law function See note S1
Mmean Mean dispersal distance 20 m [4]
a Scale parameter 40 [4]
b Width of the tail 7 [4]
Contamination of healthy hosts
() Contamination function Sigmoid See note S1
o Related to the position of the inflection point 3 [4]
K Related to the position of the inflection point 5.33 [4]
Host-pathogen genetic interaction
G Total number of major genes 2 Fixed
Tg Mutation probability for infectivity gene g [10°7; 10 Varied
Pg Efficiency of major gene g 1
Og Cost of infectivity of infectivity gene g [0;0.25;0.5] Varied
Landscape organisation
Resistance deployment strategy Mlxture; MOsaic; Varied
PYramiding; ROtation
« Level of spatial aggregation 0 Fixed
1 Cropping ratio of fields in which resistance is deployed [0.17; 0.33; 0.5; 0.67; 0.83] Varied
P2 Relative cropping ratio of RCa 0.5°¢ Fixed

c

2 pyramiding; ®: mixture, mosaic, rotation; °: for mixture and mosaic only. Source: [1] Bove and Rossi|(2020); [2] Bove et al.|(2019);
[3] Boso and Kassemeyer|(2008); [4] Rimbaud et al.|(2018b).
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x» 2.6 Simulation plan and model outputs
»3  2.6.1 Model parameterisation for Plasmopara viticola

4 We parameterised the model to simulate epidemics of Plasmopara viticola, the
»s  causal agent of grapevine downy mildew, which has a mixed reproduction system
6 (Wong et al., [2001; Gessler et all 2011). Downy mildew is a real threat to
7 grapevines in all vine-growing areas of the world, causing significant yield losses
»s  and leading to the massive use of pesticides (Gessler et al.,[2011)). In recent years,
9 breeders have been developing programs for breeding resistance to grapevine
%0 downy mildew, resulting in the creation of several resistant varieties, with the
s aim of lowering rates of fungicide application on grapevines. However, P. viticola
»%2 has already been shown to have a high evolutionary potential, as demonstrated
%3 by the rapid emergence of fungicide resistance (Blum et all |2010; |Chen et al.|
24 2007)) and the breakdown of some of the resistances deployed (Peressotti et al.|
s 2010 |Delmas et al., 2016} [Paineau et al., |2022). All the model parameters used

%6 in the simulations are listed in Table [21

7 2.6.2 Simulation plan

%8 The model is used to assess evolutionary and epidemiological outputs for dif-
xo ferent deployment strategies. In addition to the four resistance deployment
o0 strategies considered (mosaic, mixture, rotation, pyramiding), we varied the
o1 cropping ratio of fields where resistance is deployed (1, five values), while as-
o suming similar relative proportions of the two resistant cultivars (¢2 = 0.5 in
23 mixtures and mosaics). We simulated different pathogen evolutionary poten-
o tials, by varying the mutation probability (7, two levels) and the fitness cost (6,
o5 three values) while assuming the same characteristics for both major genes (i.e.
o Ty =71 and 0y = 6 Vg € 1,2). We explored the effect of the pathogen reproduc-
a7 tion system by either having the pathogen reproduce sexually at the end of the
2s  cropping season (mixed reproduction system) or having no sexual reproduction
2o event (purely clonal reproduction system). The abovementioned factors were
20 explored with a complete factorial design of 240 parameter combinations (Ta-
2 ble . Simulations were also performed with five different landscape structures
2 (with about 155 fields and a total area of 2 x 2 km?, see Fig. S11 in the Sup-
23 porting Information) and 48 replications in each landscape structure, resulting
2« in a total of 240 replicates per parameter combination. The whole numerical

s design represents a total of 57600 simulations. Each simulation was run for 50
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26 cropping seasons of 120 days each. Trial simulations showed that this simulation
27 horizon was sufficiently long to differentiate between deployment strategies in

28 terms of their evolutionary and epidemiological performances.

20  2.6.3 Model outputs

20 At the end of a simulation run, the results were evaluated by considering evolu-
21 tionary and epidemiological outputs. For evolutionary outputs, we determined
22 the time point at which the generalist superpathogen SP was established in the
203 resistant host population. We first studied SP establishment by defining Fgp a
24 binary variable set to 1 if the SP becomes established before the end of a simu-
205 lation run and 0 otherwise. Assuming that the SP became established, we then
26 studied the time to establishment Tsp. This time corresponds to the time point
207 at which the number of resistant host plants infected with SP exceeds a thresh-
28 old above which extinction in a constant environment becomes unlikely. We also
20 determined the time required for the two single mutants to become established
s (Tsar, and Tsay,). Finally, we monitored the size of the superpathogen popula-
s tion SP;; and the maximum number of heterogeneous parental pairs H P;; (i.e.
32 parental pairs involving SM; and SMs) in the landscape after the bottleneck.
s3  In a given field and for a given host cultivar, the maximum number of hetero-
s geneous parental pairs was calculated as the minimum between the population
w5 size of SM; and SMs after harvest at t/; which gives, for the whole landscape:
ws HP;ys = Zz] Zvv[min(SMg;L?),tf;SMl;w_’tf)]. For epidemiological output, we
a7 assessed the area under the disease progress curve (AUDPC) to measure disease
w8 severity over the whole landscape, averaged across all the simulated cropping
a0 seasons. AUDPC is normalised by dividing by mean disease severity in a fully
a0 susceptible landscape; its value therefore ranges from 0 (i.e. no disease) to 1

au  (i.e. disease severity identical to that in a fully susceptible landscape).

2 2.7 Statistical analysis

a1z We first used a classification tree to determine how the factors of interest and
s their interactions affected the binary evolutionary output Esp. We consid-
ais  ered the following six factors as qualitative explanatory variables: resistance
a6 deployment strategy, cropping ratio, mutation probability and fitness cost of
air  the infectivity genes, the pathogen reproduction system and landscape struc-
ais ture. We then fitted a logistic regression to assess the relationship between

siw Egp and the time elapsed between the establishment of the two single mutants
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20 (|Tsapy, — Tsan|), for a selected subset of factors. In addition, for each combi-
;1 nation of resistance deployment strategy, mutation probability, fitness cost and
a2 pathogen reproduction system, we fitted second-order polynomial regressions
2 (or second-order logistic regressions) to assess the response of Tsp and AUDPC
2 (or Egp) to variations of cropping ratio. Note that fitting a second-order lo-
35 gistic regression was impossible for factor combinations that almost always or
36 never led to SP establishment in the 240 replicates. In such cases, a second-
sz order polynomial regression was fitted instead. Finally, for each combination
w28 of resistance deployment strategy, mutation probability, fitness cost, pathogen
»9  reproduction system and cropping ratio, we fitted local polynomial regressions
s to the temporal dynamics of the population of SP;; and HP;;.

331 Statistical analyses were performed with R (v4.0.5, R Core Team|2021) soft-
s ware. The function rpart within the package rpart (v4.1.16, Therneau et al.
s 2022) was used to fit the classification and regression trees (we set a mini-
s« mum number of values in any terminal node equal to 3% the total number
15 of values). The function glm within the package stats (v3.6.2, R Core Team
s 2022) was used to fit the logistic regression (gim(Esp ~ |[Tsn, — Tsms| +
s strategy, family = “binomial”). The function geom_smooth within the pack-
s age ggplot2 (v3.3.6, [Wickham et al.|[2022) was used to fit second-order logistic
1 (method = “glm”, formula = y ~ poly(z, 2), family = ”binomial”), second-order
a0 polynomial (method = ”lm”, formula = y ~ poly(z,2)) and local polynomial

s (method = ”loess”, formula = y ~ x) regressions.

«» 3 Results

s The SP became established before the end of the 50-year simulation in 75.2 %
sa of the 57600 simulations. In these 43320 simulations, the mean time to SP
us  establishment was 4.69 years, and the 2.5th and 97.5th percentiles were 0.6
s and 31.5 years, respectively. For the 57600 simulations performed, the AUDPC
sr ranged from 14% (i.e., mild epidemics) to 99% (i.e., severe epidemics). Below,

s we determine the roles of the principal factors driving such variability in output.

w 3.1 Factors affecting superpathogen establishment

0 We constructed a classification tree for identifying parameter combinations lead-
31 ing to SP establishment (Fsp) (Fig. ) Esp was dependent principally on the
2 mutation probability, the resistance deployment strategy and the fitness cost.
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33 At high mutation probabilities, the SP almost invariably became established in
¢ the pathogen population, regardless of the other factors. At low mutation prob-
35 abilities, specific combinations of these factors determined whether or not the
s SOP became established. For example, the SP was never established in conditions
57 in which the resistance genes were pyramided in the same cultivar. The SP be-
s came established in less than one in two simulations when resistance genes were
30 deployed in i) mosaic and rotation, for high fitness costs (§ = 0.5); ii) mosaic,
w0 for fitness costs below 0.5 and purely clonal reproduction. For the remaining
s parameter combinations, the SP became established in more than one in two
2 simulations. The pathogen reproduction system had a secondary influence on
3 SP establishment. However, for mixture, mosaic and rotation strategies with a
4 low or no fitness cost, the SP almost always became established for pathogens
s with a mixed reproduction system, whereas the proportion of simulations in
s6  which the SP became established was substantially lower for pathogens with a
ss7  clonal reproduction system, particularly for mosaic strategies.

368 At low mutation probabilities, SP establishment was a highly stochastic
0 event in mixture, mosaic and rotation strategies; it occurred in 41% to 87% of
w0 the simulations, depending on the values of the other factors (Fig. 2JA). We im-
sn  proved the resolution of the corresponding final nodes, by hypothesising, for mo-
sz saic and mixture strategies, that SP establishment was dependent on the time
w3 interval between the establishment of the two single mutants |Tsa, — Tsas|-
sra This hypothesis was based on the rationale that longer intervals would result in
ss  one of the two resistant hosts remaining an empty ecological niche for longer. It
ws  can, therefore, be infected by the SP if it emerges through mutation or recombi-
sz nation. This hypothesis holds only for the mosaic and mixture strategies, as the
ss  two resistant hosts must be deployed at the same time, excluding de facto the
;9 rotation strategies from the subsequent analysis. As expected, the probability
s0  of SP establishment increased sharply with |Tsar, — Tsas, |, whatever the fitness
ss1 cost. Moreover, the probability of SP establishment was systematically higher
s for mixtures than for mosaics (Fig. ) Finally, a specific feature of rotation
w3 strategies may also favour the emergence of the SP regardless of the pathogen
s« reproduction system. Indeed, a SP generated by mutation from a single mutant
s late in the season (i.e. when the ecological niche is no longer empty) could still
s have an opportunity to establish itself in an empty niche if this event occurs
s7  shortly before the switch to a different variety in the rotation.

388 To deepen the analysis on the parameter combinations leading to SP estab-

s lishment, we asses the relationship between the variable Esp and the cropping
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s0 ratio for all combinations of resistance deployment strategy, fitness cost and
s pathogen reproduction system considered (Fig. . We focused on low mutation
32 probabilities, as shown in Fig. |3| (but see Fig. S1 for its analogous version with
w3 high mutation probability). The probability of Egp generally increases with
s cropping ratio for mixture, mosaic and rotation strategies unless establishment
35 is already certain at the lowest cropping ratio. However, for mixture strategies
s with non-zero fitness costs, the probability of Egp for pathogens undergoing
s7 - purely clonal reproduction follows a U-shaped curve, with the lowest proba-
s bility of Fgp achieved for an intermediate cropping ratio. The SP was never
39 established in simulations based on pyramiding strategies. Furthermore, for
w0 mixture and mosaic strategies, the probability of Egp was consistently lower
w1 for pathogens with clonal rather than mixed reproduction. In addition, the
w2 probability of Esp was lower for mosaics than for mixtures in pathogens with
w03 a clonal reproduction system.

404 The effect of the pathogen reproduction system on the probability of Egp
w5 can be explained by the demogenetic dynamics of the pathogen population af-
ws ter the bottleneck at the end of the cropping season. Contrasting dynamics
w7 were, indeed, observed across resistance deployment strategies and fitness costs,
ws as illustrated in Fig. [ for intermediate cropping ratios. With mixture and
w0 mosaic strategies, the maximum number of heterogeneous parental pairs after
a0 the bottleneck HP,; is relatively high, at least during the first 10 cropping
an seasons. In this setting, sexual recombination between single mutants favours
a2 the generation of SP propagules, which constitute the primary inoculum for
a3 the following season. Accordingly, the number of SP;s increases more rapidly,
as  reaching a higher level for pathogens with mixed reproduction systems than for
a5 those with purely clonal reproduction, particularly if there is no fitness cost
a6 (for both mosaic and mixture strategies) or if the fitness cost is low (mixture
a7 strategy only). As a mirror effect, the number of HP,; stabilises at lower lev-
as  els for pathogens with a mixed reproduction system. This effect disappears at
a0 higher fitness costs. By contrast, the small number or absence of H P,; observed
20 with the pyramiding and rotation strategies greatly decreases the likelihood of
21 recombination between single mutants. Consequently, the production of SP
a2 propagules is not favoured by sexual reproduction in these strategies. Note that
w3 the trends in the demogenetic dynamics of SP;; and H P,; were similar for the
w24 other combinations of cropping ratios and mutation probabilities (Fig. S2-S10

w5 in the Supporting Information).
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Figure 2: (A) Classification tree for the binary output Esp. The number and
proportion of simulations (of the 57600 performed) associated with each end
node are indicated. Orange bars indicate the proportion of simulations in which
the SP became established before the end of the simulation, whereas blue bars
indicate the proportion of simulations in which this was not the case. The fac-
tors identified by the tree are the mutation probability for infectivity genes,
the resistance deployment strategy (MIxture, MOsaic, ROtation and PYramid-
ing), the fitness cost of infectivity genes and the pathogen reproduction system
(purely clonal or mixed). (B) Relationship between the time elapsed between
the establishment of the two single mutants (SM; and SMs) and the proba-
bility of superpathogen emergence (pr(Esp = 1)) for the MIxture and MOsaic
strategies. Logistic regression was used to fit relationships to simulation outputs
corresponding to the combination of parameters highlighted in brackets under
the final nodes of the tree. Confidence intervals are delimited by the 2.5th and
97.5th percentiles.
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Figure 3: Probability of SP establishment (first row of each panel), time to SP
establishment, given that the SP becomes established, (second row) and AUDPC
(third row) at low (7 = 10~7) mutation probability and at zero (# = 0), low
(0 = 0.25) and high (¢ = 0.5) fitness cost (FC). Panels show the effect on
the probability of Fgp, Tsp, and AUDPC as a function of the cropping ratio
for the two pathogen reproduction systems and the four deployment strategies
considered. Curves are based on the fitting of logistic or second-order polynomial
regressions to simulation outputs (represented by points, note that, in the first
row of each panel, the points represent the proportion of Fgp = 1 among the
48 replicates); shaded envelopes delimited by the 2.5th and 97.5th percentiles.
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» 3.2 Factors affecting the time to superpathogen establish-

7 ment

28  The mean time to SP establishment Tsp, estimated conditionally on SP es-
wo tablishment (i.e. for the subset of replicates such that Esp = 1), generally
a0 decreases with cropping ratio. Furthermore, the type of reproduction does not
a generally influence Tsp, except in the mosaic strategy (Fig. [BB). For this strat-
a2 egy, Tsp is lower for pathogens with purely clonal reproduction systems and
43 non-zero fitness costs. However, at high mutation probability, T'sp is lower for
4« pathogens with mixed rather than purely clonal reproduction systems, for fit-
15 ness costs that are low or zero (Fig.S1 in the Supporting Information). Finally,
a6 our results show that the variance of Tsp increases substantially with fitness
a7 cost, suggesting that, in these contexts, the mean time to SP establishment

a8 poorly reflects the underlying evolutionary dynamics.
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Figure 4: Population size of the superpathogen SP,;s (in blue) and maximum
number of heterogeneous parental pairs HP,s (in orange) in the landscape after
the annual bottleneck. The curves represent the population dynamics across
resistance deployment strategies (MIxture, MOsaic, ROtation and PYramiding),
fitness costs and reproduction systems, at low mutation probability (7 = 10~7)
and intermediate cropping ratio (¢1 = 0.5). The curves are based on the fitting
of local polynomial regressions and shaded envelopes delimited by the 2.5th and
97.5th percentiles. Note that, at high fitness costs, the curves for pyramiding
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= 3.3 Factors affecting the mean area under the disease progress

440 curve

a1 In a fully susceptible landscape, the mean area under the disease progress curve,
w2 AUDPC\ was 0.63 for both pathogen reproduction systems. This value implies
w3 that diseased hosts (those in an infectious or removed state, see Fig. ac-
ws counted for a mean of 63% of the available host individuals over the entire
ws  period simulated. AUDPC generally decreased with cropping ratio (Fig. . At
us low mutation probability, the best epidemiological control (i.e. the lowest AU-
«7 DPC) was obtained with the pyramiding strategy, which decreased AUDPC by
ws up to 86% at high cropping ratios, independently of the fitness cost incurred for
wo  pathogen adaptation. With the other strategies, the highest AUDPC reductions
w0 achieved (for the 240 replicates) were 22% for mosaics, 30% for mixtures, 49%
1 for rotation. These values were obtained at a high cropping ratio and fitness
w2 cost. By contrast, almost no epidemic control (i.e. AUDPC = 1) was observed
ss3 for these strategies in the absence of a fitness cost. Finally, the pathogen repro-
ss duction system did not affect the AUDPC.

s 4 Discussion

s We address the question of the effect of the type of pathogen reproduction
7 system on the epidemiological and evolutionary control provided by plant re-
w3 sistance. Epidemiological control relates to plant health and the demographic
w0 dynamics of the pathogen, whereas evolutionary control relates to the durability
w0 of resistance and the genetic dynamics of the pathogen. Sexual reproduction
w1 principally favours the exchange of genes via recombination. We therefore stud-

w2 ied the fate of the superpathogen during the deployment of two resistance genes.

w 4.1 Effect of the pathogen reproduction system on evolu-

a6 tionary and epidemiological outputs

ws  McDonald and Linde| (2002) hypothesised that pathogens with mixed repro-
w6 duction systems pose the greatest risk of genetic resistance breakdown, be-
w7 cause they benefit from the advantages of both reproduction systems. Between-
w8 cropping seasons, the occurrence of a single sexual reproduction event generates
w0 new pathogen genotypes that may combine mutations already present in the

a0 population. During the cropping season, clonal reproduction enable the fittest
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a1 pathogen genotypes to invade the population rapidly. However, in tests of their
w2 risk model on 34 pathosystems, McDonald and Linde| (2002) found no significant
a3 effects of the pathogen reproduction system on the risk of breakdown, which was
we  instead affected by gene/genotype flow and mutation. Our results confirm the
s importance of mutation rate as a driver of pathogen evolution. Indeed, the SP
a6 was established in all simulations with a high mutation probability, regardless
an - of the deployment strategy or pathogen reproduction system. This finding can
s be explained by the interplay between mutation probability and population size
w9 (Christiansen et al., [1998; |Althaus and Bonhoeffer, 2005). Mean population
w0 size in this study was 1.3 x 107. It follows that, at high mutation probability
w (7 =10"%), at least one SP is likely to emerge through mutation during the first
w2 cropping season (which includes 17 clonal generations) in 89 of 100 simulations.
483 Our results also show the effect of sexual reproduction on the likelihood of
s the generalist SP becoming established depends on the resistance deployment
a5 strategy. This finding goes a step further than the analysis presented by |[McDon-
ws Jald and Linde (2002), who did not consider the effect of deployment strategies.
«7 Our simulations suggest that recombination favours the establishment of the SP
ss  only when heterogeneous pairs of single mutant parents are potentially abundant
o after crop harvest. This is the case for the mosaic and mixture strategies (Fig.
490 . For these strategies, populations of single mutant pathogens can increase in
w01 size on their specific hosts, with recombination subsequently occurring on sus-
w2 ceptible hosts during sexual reproduction, potentially generating SP propagules
w3 between two cropping seasons. The timing of sexual reproduction is also a key
w4 element explaining why SP establishment is favoured by a mixed reproduction
w5 system. Indeed, the SP propagules generated by recombination during the off-
w6 season emerge right at the start of the following cropping season, when most
w7 hosts are healthy, favouring SP establishment in this empty ecological niche.
ws By contrast, for pathogens with purely clonal reproduction, the SP is generated
w0 by mutation from a single mutant when the population is large enough. This
so0 event probably occurs late during the cropping season when the competition
s between the SP and the two single mutants for the infection of healthy hosts is
s2 much stronger. Accordingly, we found that the probability of SP establishment
so3 increased when the competition with the single mutants is lower, in particular
sa  when only one single mutant pathogen is established on a resistant host and the
ss  second host is free from disease (Fig. [2B).

506 By contrast, sexual reproduction does not favour the establishment of the

sov SP in pyramiding and rotation strategies, because heterogeneous pairs of sin-
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ss  gle mutants are scarce in these conditions (Fig. @), as the cultivars carrying
s0 the single resistance genes are not deployed at all, or not deployed simultane-
s ously. Similar result were reported in the context of the resistance to xenobiotics
su  (Althaus and Bonhoeffer] |2005; Taylor and Cunniffe, [2022)). In particular, sex-

sz ual reproduction in fungi increases the frequency of the double-resistant strain

sis  adapted to a mixture of fungicides (as for the SP here) only when the frequency

su  of single-resistant strains is significantly higher than that of double-resistant or

sis  avirulent strain (Taylor and Cunniffe, 2022)).

ss 4.2 No deployment strategy is universally optimal

si7 Consistent with the findings of previous comparisons of deployment strategies
sis (Djidjou-Demasse et all 2017 [Lof and van der Werf] [2017} [Sapoukhina et al.|
s9 [2009; Rimbaud et al} 2018a)), our results confirm that no one strategy is univer-

s0 sally optimal. Instead, the strategy used should be adapted to the pathosystem
s and production situation, and a decision must be taken as to whether to pri-
s oritise epidemiological or evolutionary outputs. With this in mind, given that
s23  pre-adapted pathogens were assumed to be initially absent, the order of magni-
s tude of the mutation probability relative to pathogen population size is a key
sss  factor. Conversely, the pathogen reproduction system had no effect on strategy

s recommendations for various fitness costs, mutation probabilities and cropping

sz ratios. Similarly |Taylor and Cunniffe| (2022) showed that sexual reproduction

s2s  did not affect recommendations for the management of fungicides mixtures.

529 At low mutation probabilities, a SP will emerge by mutation from the wild-
s type 1 in every 10000 times during the 17 x 50 generations within a simu-
san lation run. Providing that no preadapted pathogens are initially present, it
52 explains the better performance of pyramiding over all other strategies
533 . Pyramiding strategies ensure both epidemiological and evolu-

s tionary control of the targeted disease, as reported by Djian-Caporalino et al.|

s (2014); Rimbaud et al| (2018a). In particular, the decrease in disease severity

s3  1s proportional to the cropping ratio of the pyramided variety in the landscape

s as the dilution effect is maximal in this setting (Keesing and Ostfeld, 2021)).

s:3 For the other strategies, the probability of SP establishment generally increases
s with cropping ratio, as higher cropping ratios favour the development of large
s populations of single mutants, in turn favouring the emergence of the SP. How-
s ever, for mixture strategies with fitness costs and pathogens with purely clonal

sz reproduction, the relationship between cropping ratio and the probability of SP
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si3  establishment is U-shaped. Among the mechanisms underlying this relation-
s« ship, the intensity of the spill-over (i.e. infection of a new host from a reservoir
sis  population, [Daszak et al.|[2000) of simple mutants from fields cultivated with
sss  susceptible cultivar to fields cultivated with resistant cultivars should be a ma-
se7 jor driver. Indeed, the spill-over is maximum at intermediate cropping ratio. In
sis this case, the population of simple mutants emerging from susceptible cultivars
ss9 i more likely to quickly infect both resistant cultivars in the mixture, leaving
sso  few hosts for the SP, mutated from the SM, to infect. In the opposite, at either
ss1 low or high cropping ratio, the spill-over of simple mutants from susceptible to
ss2  resistant cultivar is reduced because adjacent fields are mostly sharing the same
53 cultivar. It opens more rooms to the SP population to emerge from one of the
ssa  two resistant cultivars in the mixture and to invade the other one.

555 At high mutation probabilities, the SP becomes established a mean of 1.2
ss6  years after the beginning of a simulation run for pyramiding strategies (Fig. S1D
ss7  in the Supporting Information). There is no dilution effect at work during most
sss  of the 50-year time frame considered, and epidemiological and evolutionary con-
50 trol disappear. In this setting, the strategies delaying SP establishment for the
sso longest were mosaic and rotation, at low cropping ratio and high fitness costs
s (Fig. S1B-C in the Supporting Information). With these strategies, the time to
se2 SP establishment decreased monotonically with cropping ratio. Higher fitness
ss3  costs in these strategies also slowed SP establishment through disruptive selec-
sse  tion. This mechanism exploits fitness costs to favour local host specialisation of
ss the pathogen, limiting the likelihood of a generalist SP emerging (Barrett et al.|
seo | 2009)). Despite generally providing the best evolutionary control, the mosaic
sov  strategy was the worst strategy (in comparisons with rotation and mixture) in
sss our conditions for epidemiological control. One key reason for this is the high
sso  probability of autoinfections, 0.82 on average, a consequence of our choice of
s large field sizes (mean of 160 m x160 m) relative to short mean pathogen dis-
sn  persal distances (20 m). The frequent infection events resulting from propagules
s» - produced in the same field favours the mixture strategy over the mosaic strategy
s3 (Mundt], 2002)). Like us, |Djidjou-Demasse et al.| (2017) also found that pyra-
s miding and mosaic strategies provided similar levels of epidemiological control
sis  if the probability of autoinfection was high. In their study, frequent between-
st fleld infections and high rates of mutation were required for mosaic strategies
sz to outperform pyramiding.

578 Crucially, our results highlight the need for knowledge about mutation prob-

s ability and the cost of infectivity to guide the choice of deployment strategy.

24


https://doi.org/10.1101/2023.02.02.526796
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.02.526796; this version posted February 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

ss0  Unfortunately, there has been little quantitative characterization of these pa-

s rameters (Laine and Barres| [2013). Point mutations are the simplest evolution-

ss2 ary events conferring virulence to a resistance gene. Such events occur once

s every 10° to 107 propagules per generation (Stam and McDonald, [2018). How-

s ever, many other mutational events sensu lato (e.g. complete or partial gene

ses deletion, insertion of transposable elements) increase the overall mutation prob-

s ability conferring virulence (Daverdin et all [2012)). Unlike knowledge about

ss7  the mutation probability, which can guide the choice as to whether or not to
sss  use a pyramiding strategy, the cost of infectivity has a monotonic influence:
ss9  the higher the cost, the higher the levels of evolutionary and epidemiological

so0 control achieved. Such costs are not pervasive among plant-pathogenic fungi

s and vary with host genotype and abiotic environment (Laine and Barres|, 2013).
s For example, substantial sporulation costs have been reported in rusts
s03  let al.;|2009; Thrall and Burdon| 2003) but no such costs evidenced for grapevine
s downy mildew (Toffolatti et al.l [2012; [Delmas et al., [2016))).

s 4.3 Further perspectives

s ' The ecoevolutionary framework presented here represents a solid foundation for
sov  further investigations of the effects of other mechanisms linked to the sexual
ss  reproduction of pathogens. For example, we assume that all the sexual propag-
so0  ules emerge in the cropping season immediately following their production, but
s00 specialised reproductive structures can survive in the soil for many years (up to

sr b years for P. viticola,|Cafhi et al.|2010)). This feature may impact the outputs of

sz deployment strategies, in particular rotations (Papavizas and Ayers, [1974). We

03 also assume that sexual and clonal propagules have similar dispersal capacities.
s« This may not always be the case, as shown for black sigatoka (Rieux et al.
o5 |2014) and grapevine downy mildew (Rossi and Caffi, 2012). Such dispersal di-

es morphism probably affects the effectiveness of resistance deployment strategies

7 such as mixtures and mosaics (Papaix et al. 2018; Sapoukhina et al., 2010;
o [Watkinson-Powell et al., 2020)).

609 Furthermore, we focus here exclusively on qualitative resistance genes (i.e.

s0 major genes), but quantitative resistance is attracting increasing interest for use
e in pathogen control (Parlevliet, 2002} [Niks et al.,[2015]). As the model can also

sz handle quantitative resistances, it would be interesting to broaden our analysis

sz in this direction. Recombination in a diverse pathogen population, as favoured

s1a by the partial effect of quantitative resistance on pathogens, might accelerate
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sis  pathogen evolution towards higher levels of aggressiveness (Frézal et al., [2018;
sis |Drenth et al., 2019). Conversely, recombination, by breaking up blocks of co-
sz adapted genes, may slow the adaptation of pathogens to quantitative resistance
sis  genes (McDonald and Linde) 2002)).

a Acknowledgements

s20 This work was funded by the MEDEE project of the Ecophyto IT APR Leviers
ez Territoriaux (No.SIREPA 4621) national action plan.

= Data availability

&3 Data sharing not applicable to this article as no datasets were generated or
e2¢ analysed during the current study. The code of the model is implemented in
s the R package landsepi: Landscape Epidemiology and Evolution (version 1.2.4,
&6 https://cran.r-project.org/web/packages/landsepi/index.html).

- Competing interests

e2s  The authors declare that they have no known competing financial interests or
e personal relationships that could have appeared to influence the work reported

60 in this paper.

« Author contributions

s2 M.Z, L.R, J.P., F.F. planned and designed the research. M.Z wrote the model.
63 M.Z. and J.F.R. updated the landsept package. M.Z. conducted the numerical
e experiment. M.Z, L.R, J.P., F.F. analyzed the numerical experiments and wrote

65 the manuscript.

« References

s Althaus, C. L. and Bonhoeffer, S. (2005). Stochastic Interplay between Mutation
638 and Recombination during the Acquisition of Drug Resistance Mutations in
630 Human Immunodeficiency Virus Type 1. Journal of Virology, 79(21):13572—
640 13578.

26


https://cran.r-project.org/web/packages/landsepi/index.html
https://doi.org/10.1101/2023.02.02.526796
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.02.526796; this version posted February 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

e Arenas, M., Araujo, N. M., Branco, C., Castelhano, N., Castro-Nallar, E., and
642 Pérez-Losada, M. (2018). Mutation and recombination in pathogen evolution:
643 Relevance, methods and controversies. Infection, Genetics and Evolution,
644 63:295-306.

ws Bahri, B., Kaltz, O., Leconte, M., de Vallavieille-Pope, C., and Enjalbert,
646 J. (2009). Tracking costs of virulence in natural populations of the wheat

647 pathogen, Puccinia striiformis f.sp.tritici. BMC Evolutionary Biology, 9(1):26.

ws  Barrett, L. G., Kniskern, J. M., Bodenhausen, N., Zhang, W., and Bergelson,
649 J. (2009). Continua of specificity and virulence in plant host—pathogen inter-
650 actions: causes and consequences. New Phytologist, 183(3):513-529.

es1 Blum, M., Waldner, M., and Gisi, U. (2010). A single point mutation in the
652 novel PvCesA3 gene confers resistance to the carboxylic acid amide fungi-

653 cide mandipropamid in Plasmopara viticola. Fungal Genetics and Biology,
654 47(6):499-510.

s Boso, S. and Kassemeyer, H. H. (2008). Different susceptibility of European
656 grapevine cultivars for downy mildew. Vitis, 47(1):39-49.

er  Bove, F., Bavaresco, L., Caffi, T., and Rossi, V. (2019). Assessment of Resistance
658 Components for Improved Phenotyping of Grapevine Varieties Resistant to

659 Downy Mildew. Frontiers in Plant Science, 10(November):1-10.

0 Bove, F. and Rossi, V. (2020). Components of partial resistance to Plasmopara
661 viticola enable complete phenotypic characterization of grapevine varieties.

662 Scientific Reports, pages 1-12.

s Brown, J. K. (2015). Durable Resistance of Crops to Disease: A Darwinian
664 Perspective. Annual Review of Phytopathology, 53:513-539.

s Burdon, J. J., Barrett, L. G., Rebetzke, G., and Thrall, P. H. (2014). Guiding
666 deployment of resistance in cereals using evolutionary principles. Evolutionary
667 Applications, 7(6):609-624.

s Caffi, T., Rossi, V., and Bugiani, R. (2010). Evaluation of a warning system
669 for controlling primary infections of grapevine downy mildew. Plant Disease,
w0 94(6):709-716.

e Chen, W.-J., Delmotte, F., Cervera, S. R., Douence, L., Greif, C., and

672 Corio-Costet, M.-F. (2007). At least two origins of fungicide resistance in

27


https://doi.org/10.1101/2023.02.02.526796
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.02.526796; this version posted February 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

673 grapevine downy mildew populations. Applied and environmental microbiol-
674 ogy, 73(16):5162-5172.

s Christiansen, F. B., Otto, S. P., Bergman, A., and Feldman, M. W. (1998).
676 Waiting with and without recombination: the time to production of a double

677 mutant. Theoretical population biology, 53(3):199-215.

es  Crété, R., Pires, R. N., Barbetti, M. J., and Renton, M. (2020). Rotating
679 and stacking genes can improve crop resistance durability while potentially

680 selecting highly virulent pathogen strains. Scientific Reports, 10:1-17.

s Curl, E. A. (1963). Control of plant diseases by crop rotation. The Botanical
682 Review, 29(4):413-479.

s Daszak, P., Cunningham, A. A.; and Hyatt, A. D. (2000). Emerging infec-
684 tious diseases of wildlife-threats to biodiversity and human health. science,
685 287(5452):443-449.

e Daverdin, G., Rouxel, T., Gout, L., Aubertot, J.-N., Fudal, I., Meyer, M.,
687 Parlange, F., Carpezat, J., and Balesdent, M.-H. (2012). Genome Structure

688 and Reproductive Behaviour Influence the Evolutionary Potential of a Fun-
689 gal Phytopathogen. PLOS Pathogens, 8(11). Publisher: Public Library of
69 Science.

s1  Delmas, E. L., Fabre, F., Jolivet, J., Mazet, I. D., Richart Cervera, S., Deliere,
692 L., and Delmotte, F. (2016). Adaptation of a plant pathogen to partial host
693 resistance : selection for greater aggressiveness in grapevine downy mildew.

694 Evolutionary Applications.

s Djian-Caporalino, C., Palloix, A., Fazari, A., Marteu, N., Barbary, A., Abad, P.,
696 Sage-Palloix, A.-M., Mateille, T., Risso, S., Lanza, R., et al. (2014). Pyramid-
697 ing, alternating or mixing: comparative performances of deployment strate-

698 gies of nematode resistance genes to promote plant resistance efficiency and
699 durability. BMC plant biology, 14(1):1-13.

70 Djidjou-Demasse, R., Moury, B., and Fabre, F. (2017). Mosaics often outper-
701 form pyramids: Insights from a model comparing strategies for the deploy-
702 ment of plant resistance genes against viruses in agricultural landscapes. New
703 Phytologist, pages 239-253.

74  Drenth, A., McTaggart, A. R., and Wingfield, B. D. (2019). Fungal clones win
705 the battle, but recombination wins the war. IMA fungus, 10(1):1-6.

28


https://doi.org/10.1101/2023.02.02.526796
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.02.526796; this version posted February 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

s Frézal, L., Jacqua, G., and Neema, C. (2018). Adaptation of a fungal pathogen

707 to host quantitative resistance. Frontiers in plant science, 9:1554.

s Fuchs, M. (2017). Pyramiding resistance-conferring gene sequences in crops.

709 Current opinion in virology, 26:36—42.

70 Garcia-Arenal, F. and McDonald, B. A. (2003). An analysis of the durability
m of resistance to plant viruses. Phytopathology, 93(8):941-952.

72 Gessler, C., Pertot, 1., and Perazzolli, M. (2011). Plasmopara viticola: A review
713 of knowledge on downy mildew of grapevine and effective disease management.
714 Phytopathologia Mediterranea, 50(1):3-44.

ns  Hadany, L. and Beker, T. (2003). On the evolutionary advantage of fitness-
716 associated recombination. Genetics, 165(4):2167-2179.

7z Halkett, F., Simon, J. C., and Balloux, F. (2005). Tackling the population genet-
718 ics of clonal and partially clonal organisms. Trends in Ecology and Evolution,
719 20(4):194-201.

70 Keesing, F. and Ostfeld, R. S. (2021). Dilution effects in disease ecology. Ecology
721 Letters, 24(11):2490-2505.

72 Koller, T., Brunner, S., Herren, G., Hurni, S., and Keller, B. (2018). Pyramid-
723 ing of transgenic pm3 alleles in wheat results in improved powdery mildew
724 resistance in the field. Theoretical and Applied Genetics, 131(4):861-871.

7s Laine, A.-L. and Barres, B. (2013). Epidemiological and evolutionary conse-

726 quences of life-history trade-offs in pathogens. Plant Pathology, 62:96-105.

77 Leach, J. E., Vera Cruz, C. M., Bai, J., and Leung, H. (2001). Pathogen fitness
728 penalty as a predictor of durability of disease resistance genes. Annual review
720 of phytopathology, 39(1):187-224.

720 Leonard, K. (1977). Selection pressures and plant pathogens. Annals of the
731 New York Academy of Sciences, 287(1):207-222.

722 Lof, M. E. and van der Werf, W. (2017). Modelling the effect of gene deployment
733 strategies on durability of plant resistance under selection. Crop Protection,
734 97:10-17.

29


https://doi.org/10.1101/2023.02.02.526796
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.02.526796; this version posted February 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

s Lohaus, G., Hussmann, M., Pennewiss, K., Schneider, H., Zhu, J.-J., and Sat-
736 telmacher, B. (2000). Solute balance of a maize (zea mays l.) source leaf as
737 affected by salt treatment with special emphasis on phloem retranslocation
738 and ion leaching. Journal of Experimental Botany, 51(351):1721-1732.

70 McDonald, B. (2010). How can we achieve durable disease resistance in agricul-

740 tural ecosystems? New Phytologist, pages 3-5.

71 McDonald, B. A. (2014). Using dynamic diversity to achieve durable disease

742 resistance in agricultural ecosystems. Tropical Plant Pathology, 39:191-196.

73 McDonald, B. A. and Linde, C. (2002). Pathogen population genetics, evolu-
744 tionary potential, and durable resistance. Annual Review of Phytopathology,
745 40:349-379.

76 Mundt, C. C. (2002). Use of multiline cultivars and cultivar mixtures for disease

747 management. Annual review of phytopathology, 40(1):381-410.

us  Niks, R. E., Qi, X., Marcel, T. C., et al. (2015). Quantitative resistance to
749 biotrophic filamentous plant pathogens: concepts, misconceptions, and mech-
750 anisms. Annu. Rev. Phytopathol, 53(1):10-1146.

= Paineau, M., Mazet, 1., Wiedemann-Merdinoglu, S., Fabre, F., and Delmotte,
750 F. (2022). The characterization of pathotypes in grapevine downy mildew
753 provides insights into the breakdown of rpv3, rpv10, and rpvl2 factors in
754 grapevines. Phytopathology, 112(11):2329-2340.

s Papaix, J., Rimbaud, L., Burdon, J. J., Zhan, J., and Thrall, P. H. (2018).
756 Differential impact of landscape-scale strategies for crop cultivar deployment
757 on disease dynamics, resistance durability and long-term evolutionary control.
758 Evolutionary Applications, 11(5):705-717.

70 Papaix, J., Touzeau, S., Monod, H., and Lannou, C. (2014). Can epidemic
760 control be achieved by altering landscape connectivity in agricultural systems?
761 Ecological Modelling, 284:35-47.

72 Papavizas, G. C. and Ayers, W. A. (1974). Aphanomyces species and their root

763 diseases in pea and sugarbeet. Technical report.

7 Parlevliet, J. E. (2002). Durability of resistance against fungal, bacterial and
765 viral pathogens; present situation. Euphytica, 124(2):147-156.

30


https://doi.org/10.1101/2023.02.02.526796
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.02.526796; this version posted February 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

766

767

768

769

770

771

772

773

774

775

776

T

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

available under aCC-BY-NC 4.0 International license.

Peressotti, E., Wiedemann-Merdinoglu, S., Delmotte, F., Bellin, D., Di Gaspero,

G., Testolin, R., Merdinoglu, D., and Mestre, P. (2010). Breakdown of re-
sistance to grapevine downy mildew upon limited deployment of a resistant
variety. BMC Plant Biology, 10(1):1-11.

R Core Team (2021). R: A Language and Environment for Statistical Comput-
ing. R Foundation for Statistical Computing, Vienna, Austria.

R Core Team (2022). The R Stats Package. R package version 4.3.0.

Rieux, A., Soubeyrand, S., Bonnot, F., Klein, E. K., Ngando, J. E., Mehl, A.,
Ravigne, V., Carlier, J., and De Lapeyre De Bellaire, L. (2014). Long-distance
wind-dispersal of spores in a fungal plant pathogen: Estimation of anisotropic

dispersal kernels from an extensive field experiment. PLoS ONE, 9(8).

Rimbaud, L., Fabre, F., Papaix, J., Moury, B., Lannou, C., Barret, L. G., and
Thrall, P. H. (2021). Models of plant resistance deployment. Annual Review
of Phytopathology.

Rimbaud, L., Papaix, J., Barrett, L. G., Burdon, J. J., and Thrall, P. H. (2018a).
Mosaics, mixtures, rotations or pyramiding: What is the optimal strategy to

deploy major gene resistance? Fvolutionary Applications, 11(10):1791-1810.

Rimbaud, L., Papaix, J., Rey, J.-F., Barrett, L. G., and Thrall, P. H. (2018b).
Assessing the durability and efficiency of landscape-based strategies to deploy
plant resistance to pathogens. PLoS computational biology, 14(4):e1006067.

Rimbaud, L., Papaix, J., Rey, J.-F., Zaffaroni, M., and Gaussen, J.-L. (2022).
landsepi: Landscape Epidemiology and Evolution. R package version 1.2.4.

Rossi, V. and Caffi, T. (2012). The role of rain in dispersal of the primary
inoculum of plasmopara viticola. Ecology and Epidemiology, 102(2):158-165.

Sapoukhina, N.; Durel, C. E., and Le Cam, B. (2009). Spatial deployment of
gene-for-gene resistance governs evolution and spread of pathogen popula-
tions. Theoretical Ecology, 2:229-238.

Sapoukhina, N., Tyutyunov, Y., Sache, I., and Arditi, R. (2010). Spatially
mixed crops to control the stratified dispersal of airborne fungal diseases.
Ecological Modelling, 221(23):2793-2800.

31


https://doi.org/10.1101/2023.02.02.526796
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.02.526796; this version posted February 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

76 Saubin, M., De Mita, S., Zhu, X., Sudret, B., and Halkett, F. (2021). Impact
797 of ploidy and pathogen life cycle on resistance durability. Peer Community

798 Journal, 1.

70 Stam, R. and McDonald, B. A. (2018). When resistance gene pyramids are
800 not durable—the role of pathogen diversity. Molecular Plant Pathology,
801 19(3):521-524.

s Taylor, N. and Cunniffe, N. J. (2022). Optimal resistance management for mix-
803 tures of high-risk fungicides: robustness to the initial frequency of resistance

804 and pathogen sexual reproduction. Phytopathology, (ja).

ss Therneau, T., Atkinson, B., and Ripley, B. (2022). Recursive Partitioning and

806 Regression Trees. R package version 4.1.16.

sor  Thompson, J. N. and Burdon, J. J. (1992). Gene-for-gene coevolution between
808 plants and parasites. Nature, 360(6400):121-125.

so  Thrall, P. H. and Burdon, J. J. (2003). Evolution of virulence in a plant host-
810 pathogen metapopulation. Science, 299(5613):1735-1737.

su  Tibayrenc, M. and Ayala, F. J. (2002). The clonal theory of parasitic protozoa:
812 12 years on. Trends in parasitology, 18(9):405-410.

sz Toffolatti, S. L., Venturini, G., Maffi, D., and Vercesi, A. (2012). Phenotypic
814 and histochemical traits of the interaction between Plasmopara viticolaand

815 resistant or susceptible grapevine varieties. BMC' Plant Biology, 12(1):124.

sis Uecker, H. (2017). Evolutionary rescue in randomly mating, selfing, and clonal
817 populations. Ewvolution, 71(4):845-858.

as  Watkinson-Powell, B., Gilligan, C. A., and Cunniffe, N. J. (2020). When does
819 spatial diversification usefully maximize the durability of crop disease resis-
820 tance? Phytopathology, 110(11):1808-1820.

g Wickham, H., Chang, W., Henry, L., Pedersen, T. L., Takahashi, K., Wilke, C.,
822 Woo, K., Yutani, H., Dunnington, D., and RStudio (2022). Create Elegant
823 Data Visualisations Using the Grammar of Graphics. R package version 3.3.6.

e« Wolfe, M. (1985). The current status and prospects of multiline cultivars and
825 variety mixtures for disease resistance. Annual review of phytopathology,
826 23(1):251-273.

32


https://doi.org/10.1101/2023.02.02.526796
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.02.526796; this version posted February 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

e Wong, F. P., Burr, H. N.; and Wilcox, W. F. (2001). Heterothallism in Plas-
828 mopara viticola. Plant Pathology, 50:427-432.

g0 Xu, X. (2012). Super-races are not likely to dominate a fungal population within
830 a life time of a perennial crop plantation of cultivar mixtures : a simulation
831 study. BMC' Ecology, 12:1-10.

22 Zhan, J., Thrall, P. H., Papaix, J., Xie, L., and Burdon, J. J. (2015). Playing on
833 a Pathogen’s Weakness: Using Evolution to Guide Sustainable Plant Disease
834 Control Strategies. Annual Review of Phytopathology, 53:19-43.

es Zhu, Y., Chen, H., Fan, J., Wang, Y., Li, Y., Chen, J., Fan, J., Yang, S., Hu, L.,
836 Leung, H., et al. (2000). Genetic diversity and disease control in rice. Nature,
837 406(6797)718*722

= oSupporting Information

g0 Fig. S1 Probability of SP establishment, time before SP establishment and
g0 AUDPC at high mutation probability.

s Fig. S2-S10 Population size of the superpathogen and maximum number of
a2 heterogeneous parental pairs in the landscape after the bottleneck for combina-
a3 tions of mutation probabilities and cropping ratios.

saa  Fig. S11 The five landscapes considered in the simulation plan.

ss  Fig. S12 Distribution of the latent period duration of downy mildew caused
sas by Plasmopora viticola.

sz Fig. S13 Distribution of the infectious period duration of downy mildew caused
ss by Plasmopora viticola.

so  Table S1 Available data on the duration of latent and sporulation periods for
g0 downy mildew caused by P. witicola (and formae speciales).

1 INote S1 Model equations.

2 INote S2 parameterisation for Plasmopara viticola.

53 INote S3 Calculation of the threshold for pathogen establishment considering
ssa  sexual reproduction.

855

33


https://doi.org/10.1101/2023.02.02.526796
http://creativecommons.org/licenses/by-nc/4.0/

	Introduction
	Description
	Model overview
	Landscape and resistance deployment strategies
	Demogenetic dynamics within the cropping season
	Demogenetic dynamics between cropping seasons
	Pathogen sexual reproduction

	Propagule dispersal
	Simulation plan and model outputs
	Model parameterisation for Plasmopara viticola
	Simulation plan
	Model outputs

	Statistical analysis

	Results
	Factors affecting superpathogen establishment
	Factors affecting the time to superpathogen establishment
	Factors affecting the mean area under the disease progress curve

	Discussion
	Effect of the pathogen reproduction system on evolutionary and epidemiological outputs
	No deployment strategy is universally optimal
	Further perspectives


